dry weight was inviable. Under Ni-deficient conditions, barley plants fail to produce viable grain because of a disruption of the maternal plant's normal grain-filling and maturation processes that occur following formation of the grain embryo. The observations that (a) barley plants fail to complete their life cycle in the absence of Ni and (b) addition of Ni to the growth medium completely alleviates deficiency symptoms in the maternal plants satisfies the essentiality criteria; thus, Ni should be considered a micronutrient for cereals. Because Ni is required by legumes, and is now established as essential for cereals, we conclude that Ni should be added to the list of micronutrients essential for all higher plant growth.
The discovery in 1975 that Ni is a component of the enzyme urease (6) , which is present in a wide range of plant species (15) , led to renewed scientific interest and research concerning the role ofNi in higher plants. Several Ref. 15) and in plants grown in nutrient solutions (13) or in tissue culture media furnished with urea as the sole N source (12) . Eskew et al. (7) reported that Ni-deficient soybean (Glycine max L.) accumulate toxic levels of urea in their leaflet tips because of a depression in urease activity in their leaves. Walker et al. (14) , working with cowpeas (Vigna unguiculata L. Walp), suggested that Ni (and urease) participates in N metabolism of legumes during the reproductive phase ofgrowth. Checkai et al. (4) reported that Ni-deficient tomato plants (Lycopersicon esculentum L.) developed chlorosis in the newest leaves and, ultimately, necrosis of the meristem.
The earliest report of a growth response to Ni additions under controlled experimental conditions (2) indicated that Ni deficiency has a wide range of effects on plant growth and metabolism. These include effects on (a) plant growth, (b) plant senescence, (c) N synthesis and plant disease resistance (9) . Thus, low levels of Ni are known to be beneficial to plant growth. Previously, however, no study has satisfied all of the essentiality criteria for establishment of Ni as an essential element for all higher plants. For an element to be proven essential, one must demonstrate that a plant cannot complete its life cycle in the absence of the element, and that no other element can substitute for the test element (1) . We report here that Ni satisfies these criteria and, therefore, should be classified as a micronutrient element essential for all higher plant growth.
MATERIALS AND METHODS Establishing a trace element as essential requires techniques capable of reducing its levels in the nutrient media and environment to below those levels required by the plant. For investigations involving Ni, this involves lowering Ni in the seed or grain to a sufficiently low level by growing plants for several generations under low-Ni conditions and upon maintaining controlled, low levels of Ni in the growth medium (i.e. <30 ng Ni L').
Plant Material and Growth Conditions. Details of solution culture techniques and procedures used to minimize Ni contamination were described elsewhere (2) . Briefly, to reduce Ni contamination, macronutrient salt stock solutions and deionized water supplied to growing plants were purified by column chromatography using an ion exchange column packed with 8-hydroxyquinoline controlled-pore glass beads (Pierce2) and by using only very high purity micronutrient chemicals and reagents (Ultrex, J. T. Baker; Puratronic and Specpure, Johnson Matthey;
7)
Barley plants (Hordeum vulgare L. cv 'Onda') were grown for three generations in purified nutrient solutions supplemented with 0, 0.6, and 1.0 uM NiSO4 (40 plants per treatment). Grain from the third generation plants were used in the experiments reported here.
Yield responses to the addition of Ni to the growth medium and Ni deficiency symptoms in third generation plants used to produce the grain for studies reported here, were described elsewhere (2) .
Germination. Germination tests were performed by imbibing grain in deionized water for 24 h and then placing the grain on wetted filter paper in sealed Petri dishes at 25°C for 36 h in the dark. In a second procedure, grain were first imbibed in a weak NiSO4 solution (1.0 FM Ni; pH 4.9), which is an effective method of supplying micronutrients to germinating grain (10) .
Nickel Determination. Concentrations of Ni in 5 to 10 grain (0.5-1.0 g total dry weight) were determined by an isotope dilution mass spectrometry technique as follows. 60Ni were added to each sample; grain were dry ashed at 550°C; the ash was dissolved in 5 ml of 1 N HNO3. Five ml of 10% sodium citrate and 3 ml of 1% DMG3 were added to each sample and the pH was adjusted to 7.5 with NH40H. The Ni-DMG complex formed was then extracted into 3 ml of chloroform and the aqueous phase discarded. (Table I) . Germination rates depended on the level of Ni supplied to the maternal plant in the three preceding generations (Table II) . (8) . A critical value (defined as that plant tissue concentration of a mineral nutrient that results in a 15% reduction in the optimum yield ofthe plant; [8] ) for Ni of 90 ± 10 ng g-' dry weight was determined for barley grains from the data presented (Fig. 1) .
The observed effects of Ni depletion on grain viability could be the result of an effect of Ni deficiency on diminishing the ability of the maternal plant to produce viable grain or, alternatively, by an absolute requirement for Ni in embryo metabolism during germination. To determine if there was an absolute requirement for Ni during germination, grains from the 0, 0.6, and 1 gM Ni-treated plants were imbibed in a weak NiSO4 solution (1.0 gM; pH 4.9). Imbibition with NiSO4 did not improve the percent germination of grain from any of the Ni treatments (Table III) , suggesting that the availability of Ni for essential processes in the grain is not limiting germination. However, there is the possibility that Ni in the imbibition treatment was not available for uptake by the embryo.
Possibly, Ni deficiency affected germination by disrupting grain development during maturation of the maternal plant. An effect of Ni deficiency on anthesis, fertilization, or early grain development was not indicated, however, as grain numbers and grain yield did not differ significantly between Ni treatments (Table I) .
The viability and vigor of seeds and grain can be estimated qualitatively using a TTC stain (1 1 Histological inspection of the split grain indicated that Ni deficiency inhibited the development of the embryo soon after the formation of the shoot primordia; the root primordia of Nideficient grain were poorly developed or absent at harvest. In addition, the endosperm tissue ofNi-deficient grain was generally transparent, flaccid, and dull white whereas in healthy, Nisufficient grain, the endosperm was turgid and bright and the root primordia where well formed.
The TTC staining method was used to classify grain with respect to vigor and viability based on a range of qualitative characters (Table IV) . Ninety-three percent of the grain from plants not supplied Ni during growth were damaged during development as shown by the TTC test. Seventy percent showed some dehydrogenase activity, indicating that most of the Ni deficient grain had developed enough to contain some active dehydrogenases. All grain from plants supplied Ni exhibited some dehydrogenase activity. The high percentage of seeds from Ni-supplied plants that were classified as having low vigor (40%) did not correlate with the observed germination percentages. This may be a result of poor resolution of the TTC test.
The roles of Ni in plant metabolism remain mostly unknown. The broad range of effects attributable to a Ni deficiency suggest that it may be involved in several physiological processes. These may include the transport of nutrients to the seed or grain and movement of Fe into plant cells as well as the various metabolic effects described earlier (2, 7, 11, 14 (4) and other plant species (13, 15) provides conclusive evidence that Ni must now be considered essential for all higher plants. This is the first micronutrient to be discovered to be essential since Cl was reported to be essential in 1954 (3) .
The significance of Ni deficiency in agriculture has yet to be investigated intensively. The potential exists, however, for low Ni availability under some soil conditions (5) and therefore, Ni deficiency in food and feed crops is a possibility. Since Ni is required for normal grain development, agricultural scientists should be cognizant ofthe potential implications ofNi deficiency on grain quality.
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